Mesenchymal stem cell (MSC)-mediated therapy has been shown to be clinically effective in regenerating tissue defects. For improved regenerative therapy, it is critical to isolate homogenous populations of MSCs with high capacity to differentiate into appropriate tissues. The utilization of stem cell surface antigens provides a means to identify MSCs from various tissues. However, few surface markers that consistently isolate highly regenerative MSCs have been validated, making it challenging for routine clinical applications and making it all the more imperative to identify reliable surface markers. In this study, we used three surface marker combinations: CD51/CD140a, CD271, and STRO-1/CD146 for the isolation of homogenous populations of dental mesenchymal stem cells (DMSCs) from heterogeneous periodontal ligament cells (PDLCs). Fluorescence-activated cell sorting analysis revealed that 24% of PDLCs were CD51 1 /CD140a 1 , 0.8% were CD271 1 , and 2.4% were STRO-1 1 /CD146 1 . Sorted cell populations were further assessed for their multipotent properties by inducing osteogenic and chondrogenic differentiation. All three subsets of isolated DMSCs exhibited differentiation capacity into osteogenic and chondrogenic lineages but with varying degrees. CD271
INTRODUCTION
Mesenchymal stem cell (MSC)-mediated therapy has been shown to produce promising clinical outcomes in regenerating tissue defects for regenerative medicine and periodontal therapy.
1-2 Human MSCs are multipotent adult progenitor cells with the capability to self-renew and the potential to differentiate into a variety of cell types including osteoblasts, chondrocytes, and adipocytes.
3-4 Additional characteristics of MSCs, including their ease of isolation and lack of immunogenicity, make them unique and indispensable tools in tissue engineering and regenerative therapy. [5] [6] While bone marrow is the most widely recognized source of MSCs (bone marrow-derived mesenchymal stem cells (BMSCs)), additional sources for MSCs including craniofacial tissues have been identified. [7] [8] [9] In particular, periodontal ligament (PDL) tissue collected from extracted adult and primary teeth is an easily accessible source of MSCs and such MSCs isolated from the PDL were found to have the ability to regenerate bone, cementum, and PDL upon in vivo transplantation. [10] [11] [12] As such, the PDL has been identified as a viable and promising source for MSCs in promoting regenerative therapy, especially for craniofacial defects such as periodontal disease. 8, [11] [12] The PDL is a dynamic and specialized connective tissue derived from the dental follicle that originates from neural crest cells. [13] [14] PDL tissues contain a heterogeneous population of cells, including fibroblasts, epithelial cells, endothelial cells, cementoblasts, osteoblasts, and neural cells. 15 Embedded between the cementum and the inner wall of the alveolar bone socket, the PDL's primary functions are to anchor the teeth to the alveolar bone and to provide them with protection against mechanical loads generated by mastication. 16 In addition to mechanical support, the PDL has many critical biological functions including providing tooth nutrition and regenerating periodontal tissues damaged by inflammatory periodontal disease or mechanical trauma.
The role of the PDL is especially important in repair after periodontal disease, which can have acute, chronic, or systemic manifestations, ultimately leading to destruction of periodontal tissue, progressive alveolar bone loss, and eventual tooth loss. [17] [18] [19] [20] [21] This periodontal regeneration is challenging due to the complexity of the PDL attachment apparatus requiring finely orchestrated formation of new cementum, bone, and PDL fibers followed by the insertion of these fibers into the bone and cementum. 22 Putative periodontal mesenchymal progenitor cells that present properties similar to BMSCs have been characterized from parental PDL cells (PDLCs). [7] [8] [10] [11] 13, [23] [24] [25] These cells were shown to differentiate into various distinct cell types, such as osteoblasts, fibroblasts, chondrocytes, cementoblasts, adipocytes, and neural-like cells.
7-8,10-11,13,23-25 They express MSC surface markers such as STRO-1, CD146, STRO-3, CD13, CD29, CD44, CD90, CD105, CD106, and CD166. 6, 11, 17, 26 In addition, progenitor cells from the PDL express higher levels of scleraxis than MSCs from other tissues including bone marrow and dental pulp, making them a unique population of MSCs. 11 Dental mesenchymal stem cells (DMSCs) selectively isolated from the PDL with high osteogenic potential are therefore expected to be the best-suited source of progenitor cells for regenerative periodontal therapy. [27] [28] Additional uses of DMSCs from the PDL to improve clinical outcomes in dentistry include regeneration of PDL on the root surface of extracted or avulsed teeth and on titanium implants. [29] [30] [31] Recent studies showed that surface marker combinations, CD51/ CD140a and CD271/CD90/CD106, isolate highly enriched clonogenic cells from human bone marrow. [32] [33] Similarly, STRO-1/CD146 combination was used to obtain DMSCs from the PDL. 23 No previous attempts were made to isolate DMSCs from PDLCs using CD51/ CD140a and CD271. In this study, we used these three cell surface marker combinations to isolate DMSCs from PDLCs and then determine the proportion of PDLCs that are positive for specific surface markers and the magnitude of osteogenic and chondrogenic potentials of these isolated progenitor cells.
MATERIALS AND METHODS

Cell isolation and culture
Primary PDL cells (PDLCs) were isolated from the PDL of extracted adult third molars (IRB#13-000241-CR-00001) as previously described. 34 PDLCs were cultured in a modified Eagle's medium (a-MEM) (Invitrogen, Carlsbad, CA, USA) containing 20% fetal bovine serum (FBS), non-essential amino acids, 100 u?mL -1 penicillin, and 100 u?mL -1 streptomycin, in a humidified 5% CO 2 incubator at 37 6 C (all reagents were from Invitrogen, Carlsbad, CA, USA). Media was changed every 2 days, and cells were passaged at 80%-90% confluency. PDLCs used in this study were from passages 4-8.
Fluorescent-activated cell sorting
Expression of stem cell surface markers in PDLCs was determined by fluorescent activated cell sorting (FACS) analysis. The cells were detached using trypsin in 0.25% ethylenediaminetetraacetic acid (EDTA). After neutralization, single-cell suspensions were washed with phosphate-buffered saline (PBS) supplemented with 2% FBS and 0.01% NaN 3 (FACS buffer). Quantities of 1 3 10 6 cells were incubated with direct conjugated antibodies for 20 min on ice in the dark. After washing, fluorescence intensity was measured on FACS Aria II cell sorter (BD Biosciences, San Jose, CA, USA 3). ALP activity assay was preformed using an ALP kit (Sigma-Aldrich, St Louis, MO, USA) according to the manufacturer's protocol and normalized based on protein concentrations. To detect mineralization potential cells were induced for 2 weeks using OIM, fixed with 4% paraformaldehyde, and stained with 2% Alizarin red (Sigma-Aldrich, St Louis, MO, USA). For quantification, Alizarin red was destained with 10% cetylprydiniumcholoride in 10 mmol?L 21 sodium phosphate for 30 min at room temperature. Optical absorbance was measured at 562 nm using a multiplate reader with a standard calcium curve in the same solution. The final calcium level in each group was normalized with the total protein concentrations prepared from a duplicate plate. TGF-b3 (R&D systems, Minneapolis, MN, USA). Culture medium was changed every 2-3 days. After 4 weeks of differentiation in vitro, Alcian blue staining (Sigma-Aldrich, St Louis, MO, USA) was performed as previously described. 35 For quantification, stained Alcian blue was eluted with 6 mol?L 21 guanidine hydrochloride for 8 hours at room temperature. The optical absorbance was measured at 620 nm using a microplate reader.
Induction of chondrogenic differentiation
Quantitative reverse transcription-polymerase chain reaction
The total RNA was isolated from DMSCs using Trizol reagents (Invitrogen, Carlsbad, CA, USA). Two-microgram aliquots of RNAs were used to synthesize cDNAs using random hexamers and reverse transcriptase according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA). The real-time polymerase chain reaction (PCR) were performed using the QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA, USA) and the Icycler IQ Multicolor Real-time PCR Detection System (Bio-Rad, Hercules, CA, USA). The primers for RUNX2 were: forward, 59-TGGTTACTGTCATGGCGGGTA-39; reverse, 59-TCTCAGATCGTTGAACCTTGCTA-39. The primers for DLX5 were: forward, 59-GCTCTCAACCCCTACCAGTAT-39; reverse, 59-CTTTGGTTTGCCATTCACCATTC-39. The primers for Characterization of dental MSCs with cell surface markers R Alvarez et al 214 BGLAP were: forward, 59-AGCAAAGGTGCAGCCTTTGT-39; reverse, 59-GCGCCTGGTCTCTTCACT-39. The primers for PLAP-1 were: forward, 59-TATTCAACAACCCGGTGAA-39; reverse, 59-ACATTCC AAAGTTCCCAAGC-39. The primers for SOX9 were: forward, 59-CACACAGCTCACTCGACCTT-39; reverse, 59-CAAAGGGAATTCT GGTTGGT-39. The primers for COL2A1 were: forward, 59-CAAGAAGAACTGGTGGAGCA-39; reverse, 59-CATAGCTGAAA TGGAAGCCA-39. The primers for ACAN were: forward, 59-TCGAGGACAGCGAGGCC-39; reverse, 59-TCGAGGGTGTAGCG TGTAGAGA-39.
Statistical analysis
Unpaired Student's t-test was used for statistical analysis a value was set at 0.05.
RESULTS
Isolation of DMSCs with surface markers, CD51/CD140a, CD271, STRO-1/CD146 from PDLCs It has been established that the surface maker combination of STRO-1/ CD146 has successfully isolated DMSCs from dental tissues such as the PDL and apical papilla using FACS analysis [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Additional markers including CD51/CD140a and CD271/CD90/CD106 have been suggested for the purpose of identifying multipotent homogenous population of BMSCs and these marker combinations were not previously evaluated in DMSCs. [32] [33] Using two surface marker combinations of CD51/CD140a and STRO-1/CD146, FACS revealed that 24% of PDLCs were CD51 1 /CD140a 1 and 2.4% of PDLCs were STRO-1 1 / CD146 1 (Figure 1a and 1c) . The isolation of STRO-1 1 /CD146
1 DMSCs is consistent with previous studies, which indicated a 2.6% isolation of DMSCs from PDL. 23 Interestingly, we found that the majority of PDLCs (99%) expressed CD90 (Figure 1d ), indicating that CD90 is not sufficiently selective for sorting. On the contrary, FACS using dual markers, CD271 and CD106, revealed that an extremely low proportion of PDLCs were double positive for this combination (Figure 1e ). Therefore, we used a single maker, CD271, to isolate DMSCs and found that 0.8% of PDLCs were CD271 1 , representing the smallest proportion among our combinations (Figure 1b 
/CD146
1 DMSCs were induced to undergo osteogenic differentiation. All three combinations of DMSCs displayed the capacity to differentiate into the osteogenic lineage as demonstrated by ALP staining on the seventh day (Figure 2a) . Quantification of ALP activity revealed significant increase of approximately 5-9 fold in all three populations of induced isolated DMSCs compared to non-induced CD51
1
/CD140a
1 cells (Figure 2b ). In addition, all three isolated DMSC groups had formation of mineralized nodules after prolonged treatment with OIM for 14 days as demonstrated by Alizarin red S (ARS) (Figure 2a) . Quantification of ARS also showed significant mineralization potential in all induced DMSCs with a 2.5-to 4-fold increase compared to non-induced CD51
Using these isolated DMSCs, we further confirmed their osteogenic potential by examining messenger RNA (mRNA) expression of several osteogenic marker genes including DLX5, RUNX2, and BGLAP at different time points: 0, 3, 7, and 10 days after osteogenic induction. Consistent with ALP and ARS results, osteogenic marker gene expression was significantly upregulated for all three subsets of isolated DMSCs. In particular, marked increase of DLX5 and RUNX2 expression was found in CD271
1 DMSCs at day 7 of induction compared to CD51 1 /CD140a 1 and STRO-1
1
/CD146
1 DMSCs (Figure 3a and 3b ). Significant BGLAP expression induction was found in CD271 Values were normalized to CD51 1 /CD140a 1 DMSCs at day 0. *P , 0.05, **P , 0.001. DMSC, dental mesenchymal stem cell.
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DMSCs at day 7 and 10 of osteogenic induction (Figure 3c ). In addition, periodontal marker gene, periodontal ligament-associated protein-1 (PLAP-1), was assessed at 0, 7, 10 days after osteogenic induction. PLAP-1 expression was significantly upregulated in all three subsets of DMSCs (Figure 3d) .
Collectively, this data suggested that homogenous populations of DMSCs isolated using FACS with different surface marker combinations have capacity to differentiate into osteogenic lineages.
Isolated DMSCs exhibited significant differential chondrogenic potential Furthermore, we evaluated and compared chondrogenic differentiation capacity of isolated DMSCs under chondrogenic conditions. All three isolated DMSC groups showed the presence of glycosaminogylcans as demonstrated by Alcian blue staining after prolonged treatment with CIM for 28 days (Figure 4a) . Quantification of Alcian blue staining exhibited a 3-to 4.5-fold increase in chondrogenic differentiation in all three isolated DMSC groups compared to non-induced CD51
1 /CD140a 1 DMSCs (Figure 4b ). mRNA expression of several chondrogenic marker genes including SOX9, collagen type 2 alpha 1 (COL2A1), and Aggrecan (ACAN) were significantly induced confirming their chondrogenic potential (Figure 5a-5c) . In particular, all three chondrogenic markers were significantly upregulated in STRO-1 1 /CD146 1 DMSCs (Figure 5a-5c ).
DISCUSSION
Due to the heterogeneous population of PDLCs, it is critical to selectively isolate highly regenerative MSCs for successful use in clinical settings. We isolated DMSCs from PDL using FACS analysis and three combinations of cell surface markers that have previously been used in successful identification of MSCs from various tissues. 23, [32] [33] Our results demonstrated that all three combinations of surface markers, CD51/CD140a, CD271, and STRO-1/CD146 successfully isolated homogenous populations of multipotent progenitor DMSCs from the PDL with varying quantities of the isolated subsets. Although all of these sorted DMSCs showed strong osteogenic potential as evaluated by ALP activity and ARS, the expression of osteogenic marker genes was most significantly upregulated in CD271
1 DMSCS. The expression of PLAP-1, PDL marker gene, was significantly induced in all of these sorted DMSCs at day 10. Similarly, all three subsets of 
/CD140a
1 DMSCs at day 0. *P , 0.05, **P , 0.001. DMSC, dental mesenchymal stem cell.
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Mabuchi et al. first utilized CD271/CD90/CD106 combination of surface markers to selectively isolate a distinct subpopulation of highly potent MSCs in vivo. 33 Therefore, we initially decided to explore the use of all three markers in PDLCs. Our data showed unreasonably high proportion of PDLCs expressed CD90 (Figure 1d) suggesting that CD90 may cause non-specific isolation of DMSCs. Conversely, FACS analysis revealed that 0% of PDLCs expressed both CD271 and CD106 (Figure 1e ). As such, CD271 alone was used in this study to identify DMSCs from PDLCs. CD271, or p75 neurotrophin receptor (p75 NTR or low affinity nerve growth factor receptor/LNGFR), is a common receptor for all neurotrophins that stimulate neuronal cells to survive and differentiate. [37] [38] Of particular use with BMSCs, it has been demonstrated that CD271 consistently isolates highly multipotent BMSCs and has been described as the most selective marker for the purification and isolation of BMSCs. 33, [39] [40] [41] [42] [43] In addition, CD271 has been known for its involvement in epithelial mesenchymal interactions during tooth development. 44 Progenitor cells from the PDL, which is derived from cranial neural crest-derived ectomesenchyme, are believed to be derived from the neural crest.
7-13
These neural crest stem cells have been identified in the PDL by immunohistochemistry with CD271 and mRNA expression levels of CD271.
7-13 However, no previous attempts have been made to isolate progenitor cells using CD271 and FACS analysis.
In our study, we successfully isolated DMSCs from PDL using CD271 but the expression was minimal at just 0.8% of PDLCs. This low percentage of CD271 1 cells is consistent with the results in BMSCs, which reported less than 1% are CD271
1 . 33, [39] [40] [41] [42] [43] Although CD271 isolated only 0.8% of DMSCs, CD271
1 cells had highly significant odonto/osteogenic potential and produced the greatest upregulation of osteogenic marker genes during induction. Alexander et al. previously reported that CD271 is an early surface marker of osteogenic capacity in vitro in human jaw periosteum-derived progenitor cells (JPCs) as CD271 was able to distinguish between mineralizing JPCs and non-mineralizing JPCs using FACS analysis. 45 STRO-1 and CD146 are MSC surface markers that have been used individually and in combination to identify MSCs from various tissues. 11, 23, 36, [46] [47] [48] [49] STRO-1, a cell membrane single pass type I protein is involved in calcium signaling. 9 Initially, it was associated with the identification of osteogenic precursors isolated from bone marrow and later described as a promising marker for MSCs. CD146 or the melanoma cell adhesion molecule is a key cell adhesion protein in vascular endothelial cell activity and angiogenesis and is associated with vascular smooth muscle commitment. 9, 48, 50 Our study with FACS analysis using the STRO-1/CD146 combination isolated 2.4% of PDLCs and these sorted STRO-1
1 /CD146 1 DMSCs demonstrated high osteogenic potential (Figure 1c) , confirming the results of a previous study. 23 Consistent with the study by Xu et al., the adipogenic potential of STRO-1 1 /CD146 1 DMSCs was insignificant (data not shown), confirming a preferential bias of STRO-1 1 /CD146
1 DMSCs toward osteogenic and chondrogenic differentiation. 23 The intermediate filament protein, Nestin, identifies a distinct population of highly multipotent MSCs from mouse bone marrow. 32 However, because of the intracellular location of Nestin, its utilization to identify BMSCs in vivo would require cell permeabilization preventing the isolation of live cells. 32 In order to address this shortcoming, Pinho et al. used CD51/CD140a cell marker combination to isolate a stromal population that is Nestin1 and highly enriched in MSCs in the mouse and human bone marrow. 32 Clonally expanded CD51 1 /CD140a 1 cells exhibited robust differentiation potential into osteoblastic, adipocytic, and chondrocytic lineages in vivo.
32
CD51 identifies the integrin vitronectin a chain receptor, important for adhesion and development while CD140a/platelet-derived growth factor receptor a is a tyrosine kinase receptor expressed on mesenchymal derived cells. [51] [52] [53] [54] In our study, a high proportion (24%) of PDLCs were positive for CD51 and CD140a. This large yield of CD51 1 /CD140a 1 DMSCs from the PDL is consistent with high Nestin expression in the majority of adult neural crest stem cells. [55] [56] In addition, these isolated CD51 1 /CD140a 1 DMSCs were successfully induced to undergo differentiation into osteogenic and chondrogenic lineages. Quantification of ALP activity and ARS and expression of osteogenic marker genes exhibited comparably significant osteogenic and chondrogenic potential for CD51
1
/CD140a
1 DMSCs as STRO-1 1 /CD146
1 DMSCs. Our findings not only offer recommendations for isolating MSCs from PDL, but also provide future directions for clinical applications of DMSCs in dentistry and medicine, including periodontal therapy. Periodontal disease is a major cause of tooth loss and a substantial public health concern. 19 Caused by precipitating factors such as microorganisms and their byproducts, periodontitis is initiated by an inflammatory process that leads to the dissolution of tissue components. [17] [18] [19] [20] The selective isolation of DMSCs from the PDL may offer the possibility of improvements in regenerating the periodontal apparatus that is destroyed by periodontal disease. Additional clinical applications of DMSCs from PDL in dentistry include periodontal defect repair, PDL development for titanium dental implants, and tooth root repair. 12, 27, [57] [58] In conclusion, our findings demonstrated the successful isolation of distinct subpopulations of DMSCs from human PDL with the use of CD51/CD140a, CD271, and STRO-1/CD146 surface markers and demonstrated their capacity to undergo differentiation into osteogenic and chondrogenic lineages. Each marker yielded a different quantity of isolated mesenchymal progenitor cells with varying magnitude of multi-lineage differentiation potential. As CD51/CD140a produced isolation of significantly higher proportion of PDLCs than the other two cell surface marker combinations, CD51/CD140a may be a sufficient marker combination to use with FACS analysis to obtain highly multipotent MSCs from the PDL. Further studies are needed to validate whether these isolated cells may differentiate into functionally different lineages in vivo. Characterization of dental MSCs with cell surface markers R Alvarez et al 218
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